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Summary	  

	   Cruise	   FK151005	   on	   R/V	   Falkor	   had	   the	   objective	   of	   collecting	   magnetic	   field	  
measurements	   and	   depth	   soundings	   over	   the	  massive	   Tamu	  Massif	   volcano	   of	   Shatsky	   Rise	  
oceanic	  plateau.	  	  The	  magnetic	  data,	  in	  particular,	  are	  thought	  to	  be	  critical	  for	  understanding	  
the	  development	  of	  this	  massive	  volcano.	  	  New	  bathymetry	  data	  will	  help	  map	  the	  shape	  of	  the	  
volcano.	   	   The	   cruise	   left	  Honolulu	   on	   5	  October	   2015	   and	   arrived	   in	  Guam	  on	   10	  November	  
2015.	  	  In	  this	  36-‐day	  period,	  Falkor	  transited	  10	  days	  to	  Tamu	  Massif,	  surveyed	  the	  volcano	  for	  
about	   20	   days,	   and	   transited	   6	   days	   to	   Guam.	   	   The	   cruise	   was	   highly	   successful,	   collecting	  
continuous	   data	   on	   98%	   of	   the	   planned	   ship	   tracks,	   despite	   some	   days	   lost	   to	   weather	  
conditions.	   	   The	   entire	   Tamu	   Massif	   survey	   encompasses	   a	   region	   almost	   1	   million	   square	  
kilometers	   in	   size.	   	   Approximately	   1.67	   million	   magnetic	   readings	   and	   94	   million	   depth	  
soundings	  were	  recorded.	   	  Preliminary	  data	  over	  Tamu	  Massif	  show	  a	  linear	  positive	  anomaly	  
along	  the	  volcano’s	  axis	   flanked	  by	  anomaly	   lows.	   	  This	  pattern	  may	   indicate	  a	  mechanism	  of	  
formation	  similar	  to	  seafloor	  spreading.	   	  
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How	  Did	  the	  “World’s	  Largest	  Single	  Volcano”	  Form	  at	  a	  Triple	  Junction?	  A	  
Magnetic	  and	  Bathymetry	  Survey	  of	  Tamu	  Massif,	  Shatsky	  Rise	  

Background	  
Formation	  of	  Oceanic	  Plateaus	  
	   Shatsky	   Rise,	   located	   in	   the	   western	   Pacific	   Ocean	   near	   Japan	   (Fig.	   1)	   is	   one	   of	   the	  
largest	  oceanic	  plateaus.	  	  Like	  many,	  it	  is	  a	  huge	  volcanic	  mountain	  range	  consisting	  mainly	  of	  
basalt	   covered	  with	   a	  mostly	   thin	   veneer	   of	   sediments	   (Sliter	   and	  Brown,	   1993;	   Sager	   et	   al.,	  
1999).	   	  Over	  the	  past	  couple	  of	  decades,	   there	  has	  been	  a	  debate	  among	  geoscientists	  about	  
the	  mechanism	  by	  which	  oceanic	  plateaus	  such	  as	  Shatsky	  Rise	  are	  formed.	  	  Because	  many	  are	  
enormous	  volcanic	  piles,	  it	  is	  commonly	  thought	  that	  plateaus	  form	  via	  massive	  eruptions	  from	  
a	  mantle	  plume.	   	   	  A	  widely-‐accepted	  explanation	   is	   the	  “plume	  head”	  hypothesis,	  which	  says	  
that	  a	   large	  mass	  of	  thermally-‐buoyant	  material	  arises	  from	  the	  core-‐mantle	  boundary	  region	  
as	  a	  new	  mantle	  plume	   is	   formed	  (Richards	  et	  al.,	  1989).	   	  When	  the	  plume	  head	  reaches	  the	  
base	  of	  the	  lithosphere,	  it	  causes	  a	  massive	  eruption	  and	  the	  emplacement	  of	  igneous	  material,	  
forming	   large	   oceanic	   plateaus	   if	   under	   oceanic	   lithosphere	   and	   continental	   flood	   basalt	  
provinces	   if	  under	   continental	   lithosphere	   (Richards	  et	   al.,	   1989;	  Duncan	  and	  Richards,	  1991;	  
Coffin	   and	   Eldholm,	   1994).	   	   This	   model	   gained	   wide	   acceptance	   during	   the	   1990s	   mainly	  
because	   geochronology	   data	   from	   several	   continental	   flood	   basalt	   provinces	   and	   oceanic	  
plateaus	  appeared	  consistent	  with	  short-‐lived	  and	  massive	  emplacements	  of	   lava	  and	  magma	  
(Coffin	  and	  Eldholm,	  1994;	  Coffin	  et	  al.,	  2006).	  	  The	  geodynamic	  significance	  of	  this	  hypothesis	  
is	   that	   it	   implies	  periods	  with	  high	  flux	  of	  mantle	  material	   to	  the	  Earth’s	  surface	  (Duncan	  and	  
Richards,	  1991).	  	  Moreover,	  such	  massive	  eruptions	  also	  imply	  the	  release	  of	  large	  quantities	  of	  
heat	  and	  gasses,	  which	  could	  have	  far-‐ranging	  environmental	  effects	  (Coffin	  and	  Eldholm,	  1994;	  
Larson,	  1991).	  	  	  

An	   alternative	   idea	   (the	   “fertile	   mantle”	   hypothesis)	   is	   that	   plateau	   eruptions	   occur	  
where	  plate	  boundaries	  or	  plate	  cracks	  release	  pressure	  above	  areas	  of	  the	  upper	  mantle	  with	  
lower	   melting	   temperatures	   (Anderson	   et	   al.,	   1992;	   Anderson,	   2001;	   Foulger,	   2007).	   	   This	  
hypothesis	  implies	  that	  the	  source	  of	  plateau	  magma	  is	  the	  shallow	  mantle	  and	  that	  the	  large	  
vertical	  mantle	  convection	  implied	  by	  the	  plume	  head	  hypothesis	  does	  not	  occur.	  	  In	  addition	  to	  
different	  implications	  about	  magma	  source,	  the	  two	  hypotheses	  suggest	  different	  mechanisms	  
of	  oceanic	  plateau	  formation.	  	  The	  plume	  head	  hypothesis	  implies	  great	  eruptions,	  with	  most	  of	  
a	  plateau	  being	  emplaced	  in	  a	  short	  amount	  of	  time,	  perhaps	  a	  million	  years	  or	  less	  (e.g.,	  Coffin	  
and	  Eldholm,	  1994).	  	  The	  fertile	  mantle	  hypothesis	  makes	  no	  such	  prediction.	  Indeed,	  because	  
eruptions	  result	  from	  changing	  stresses,	  often	  at	  plate	  boundaries,	  the	  volcanism	  may	  be	   less	  
focused	  in	  time	  and	  space	  (Foulger,	  2007).	  	  	  

A	  simple	  interpretation	  of	  these	  hypotheses	  is	  that	  a	  plume	  head	  would	  create	  a	  large	  
volcano	   in	   a	   short,	   effusive,	   voluminous	   eruption,	   whereas	   extended	   eruptions	   from	   stress	  
release	   at	   a	   plate	   boundary	  might	   form	   a	   series	   of	   coalescing	   volcanoes	   over	   a	   longer	   time.	  	  
Oceanic	   plateau	   structure	   is	   key	   to	   figuring	   out	  whether	   this	   dichotomy	   is	   true,	   but	   plateau	  
structure	  is	  poorly	  known	  because	  these	  features	  are	  large,	  remote,	  and	  poorly	  surveyed.	  

Despite	  initial	  acceptance	  of	  the	  plume	  head	  hypothesis,	  the	  question	  about	  mechanism	  
is	  still	  open	  because	  existing	  observations	  do	  not	  fit	  a	  simple	  plume	  model.	   	  For	  example,	  the	  
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huge	   Ontong	   Java	   Plateau	   formed	   over	   a	   short	   period	   of	   time	   (Neal	   et	   al.,	   1997),	   but	   its	  
emplacement	   was	   almost	   entirely	   below	   sea	   level,	   whereas	   significant	   dynamic	   uplift	   is	  
expected	   from	   a	   thermal	   plume	   head	   (Korenaga,	   2005).	   	   The	   massive	   Kerguelen	   plateau	  
contains	  significant	  complexities	  (e.g.,	  continental	  rock	  –	  unexpected	  in	  an	  oceanic	  plateau)	  as	  
well	  as	  a	  prolonged	  eruptive	  period,	  not	  the	  short	  emplacement	  expected	  from	  a	  plume	  head	  
(Coffin	   et	   al.,	   2002;	   2006).	   	   In	   addition,	   rocks	   dredged	   and	   cored	  on	   Shatsky	  Rise	   are	  mostly	  
similar	   to	  mid-‐ocean	   ridge	   basalts	   (formed	   in	   the	   shallow	  mantle),	   rather	   than	   deep	  mantle	  
material	   (Mahoney	   et	   al.,	   2005;	   Sano	   et	   al.,	   2012).	   	  Moreover,	   oceanic	   plateaus	   often	   occur	  
near	  triple	  junctions	  (Sager,	  2005;	  Foulger,	  2007;	  Hochmuth	  et	  al.,	  2015)	  a	  coincidence	  that	   is	  
unexpected	   for	   a	   plume	   head	   and	   suggests	   a	   connection	   between	   the	   ridges	   and	   magma	  
source.	   	   Today,	   Earth	   scientists	   are	   still	   debating	  which	  of	   these	   two	  mechanisms	   is	   a	   better	  
explanation	   for	   the	  great	  plateaus.	   	  Depending	  on	  whom	  you	   talk	   to,	   the	  plume	  head	  model	  
either	   requires	   amendments	   or	   to	   be	   thrown	   out.	   	   As	   is	   often	   the	   case	   in	   scientific	   debate,	  
neither	  hypothesis	  may	  be	  entirely	   correct,	   but	   these	   two	   concepts	  provide	  a	   framework	   for	  
debate	  that	  will	  ultimately	  help	  geoscientists	  understand	  this	  important	  flux	  of	  material	  to	  the	  
Earth’s	  surface.	  

 
Figure	  1.	  Bathymetry	  and	   tectonic	  map	  of	   southern	  Shatsky	  Rise.	   	  Bathymetry	   is	   from	  satellite-‐predicted	  depths	  
(Smith	  and	  Sandwell,	  1997).	   	  Heavy	  red	   lines	  show	  magnetic	   lineations	   (Nakanishi	  et	  al.,	  1999).	   	  Blue	   lines	  show	  
multichannel	  seismic	  reflection	  profiles	  collected	  on	  R/V	  Marcus	  G.	  Langseth	  (Sager	  et	  al.,	  2013).	  	  Filled	  red	  circles	  
show	  locations	  of	  ODP	  and	  IODP	  drill	  sites	  cored	  on	  recent	  expeditions.	  	  Inset	  depicts	  the	  location	  of	  Shatsky	  Rise	  
relative	  to	  Japan	  and	  nearby	  subduction	  zones	  (toothed	  lines)	  and	  the	  wider	  magnetic	  pattern.	  



	   6	  

How	  Shatsky	  Rise	  Helps	  Understanding	  Oceanic	  Plateau	  Formation	  
	   Shatsky	   Rise	   has	   several	   characteristics	   that	   make	   it	   ideal	   for	   understanding	   oceanic	  
plateau	  formation.	  	  It	  was	  thought	  to	  be	  a	  good	  example	  of	  a	  plume	  head	  eruption	  because	  it	  
has	  a	  morphology	  and	  tectonic	  evolution	  that	  seems	  to	  fit	  that	  expected	  from	  this	  hypothesis	  
(Sager	  et	  al.,	   1999;	  Nakanishi	  et	  al.	  1999).	   Initial	  eruptions	  appear	   to	  have	  been	  massive	  and	  
rapid	   (Sager	   and	   Han,	   1993),	   forming	   Tamu	   Massif	   and	   causing	   a	   ridge	   jump	   of	   ~800	   km	  
(Nakanishi	  et	  al.,	  1999).	  	  Subsequent	  eruptions	  formed	  progressively	  smaller	  edifices	  with	  time,	  
implying	  a	  transition	  between	  plume	  head	  and	  plume	  tail	  (Sager,	  2005).	  	  Other	  indications	  are	  
not	   so	   clear.	   	   Shatsky	  Rise	   formed	  at	   a	   triple	   junction	  where	   at	   least	   two	  of	   the	   intersecting	  
plate	  boundaries	   (and	  maybe	   the	   third)	  were	  mid-‐ocean	   spreading	   ridges	   (Sager	  et	  al.,	   1988;	  
1999;	  Nakanishi	  et	  al,	  1999).	  	  The	  coincidence	  of	  plume	  head	  and	  ridges	  is	  not	  explained	  by	  the	  
plume	  head	  hypothesis	  and	   is	  an	  unlikely	  occurrence	  without	  a	   connection	  between	   the	   two	  
(Sager,	   2005).	   	   In	   addition,	   all	   igneous	   rock	   samples	   investigated	   to	   date	   have	   isotopic	   and	  
geochemical	  characteristics	  similar	  those	  of	  mid-‐ocean	  ridge	  basalt	  (Mahoney	  et	  al,	  2005;	  Sano	  
et	  al.,	  2012).	  	  No	  recovered	  material	  has	  an	  obvious,	  primitive	  lower	  mantle	  chemical	  signature	  
as	  may	  be	  expected	  from	  a	  plume	  head.	  	  In	  addition,	  the	  summits	  of	  the	  volcanic	  edifices	  do	  not	  
appear	   to	  have	  been	  highly	   emergent	   as	   is	   expected	   for	   the	  dynamic	  uplift	   of	   a	   plume	  head	  
(Sager	  et	  al.,	  2013;	  Zhang	  et	  al.,	  2015).	  

Magnetic	  anomalies	   recorded	   in	   the	  Shatsky	  Rise	  crust	  make	   it	  unique	  among	  ancient	  
large	   oceanic	   plateaus.	   The	   plateau	   formed	   during	   a	   time	   when	   the	   geomagnetic	   field	   was	  
undergoing	  reversals	  (Sager	  et	  al.,	  1988;	  Nakanishi	  et	  al.,	  1999),	  unlike	  many	  of	  the	  other	  large	  
oceanic	  plateaus	   that	  erupted	  during	   the	  Cretaceous	  Quiet	  Period.	  This	  means	   that	  magnetic	  
anomalies	   can	   be	   used	   to	   investigate	   the	   structure	   of	   Shatsky	   Rise	   and	   understand	   its	  
connection	   to	   the	   mid-‐ocean	   ridges.	   	   Past	   locations	   of	   the	   mid-‐ocean	   ridges	   are	   traced	   by	  
magnetic	   isochron	  geometry	   (Fig.	  1).	   	  They	  show	  that	  Shatsky	  Rise	  began	  forming	  around	  the	  
time	  of	  anomaly	  M21	  (~147	  Ma),	  coincident	  with	  a	  major	  reorganization	  of	  the	  spreading	  ridges	  
at	   the	   triple	   junction	   (Sager	   et	   al.,	   1988;	   Nakanishi	   et	   al,	   1999;	   Nakanishi	   et	   al.,	   2015).	  	  
Subsequently,	  the	  triple	  junction	  followed	  the	  axis	  of	  Shatsky	  Rise	  from	  M21	  to	  M1	  time	  (~124	  
Ma)	  as	   two	  more	   large	  volcanoes	   formed,	   (Ori	   and	  Shirshov	  massifs;	   Fig.	  1)	   and	   finally	  a	   low	  
volcanic	  ridge	  (Sager	  et	  al.,	  1988;	  Nakanishi	  et	  al.,	  1999).	  	  	  

Recent	  Investigations	  of	  Shatsky	  Rise	  
Shatsky	  Rise	  was	  investigated	  recently	  by	  IODP	  Expedition	  324	  (Sager	  et	  al.,	  2010;	  2011)	  

and	   a	   two-‐part	   multichannel	   seismic	   survey	   (Sager	   et	   al.,	   2013;	   Zhang	   et	   al.,	   2015).	   	   The	  
objective	   of	   the	   Expedition	   324	   was	   to	   core	   igneous	   rock	   for	   geochemical	   and	   volcanologic	  
studies.	   	   Cores	   recovered	   from	   the	  expedition	   showed	   that	   Tamu	  Massif,	   the	   largest	   Shatsky	  
Rise	  volcanic	  edifice,	  is	  characterized	  by	  thick,	  massive	  basalt	  flows	  up	  to	  ~23	  m	  thick	  (Sager	  et	  
al.,	   2010;	   2011).	   	   	   Such	   massive	   flows	   imply	   extraordinarily	   effusive	   eruptions	   and	   are	   also	  
found	   in	   continental	   flood	  basalt	  provinces	   (Bryan	  et	   al.,	   2010).	   	  Moreover,	   the	  Tamu	  Massif	  
igneous	   section	   from	  Site	  U1347	   is	   remarkably	   similar	   to	   that	   from	  Ontong	   Java	  Plateau	   Site	  
1185.	   	   These	   findings	   strengthen	   the	   connections	   between	   Tamu	   Massif	   and	   Ontong	   Java	  
Plateau	  as	  well	  as	  the	  connection	  between	  oceanic	  plateaus	  and	  continental	  flood	  basalts.	  	  The	  
seismic	   surveys,	   carried	   out	   in	   2010	   and	   2012	   with	   the	   R/V	  Marcus	   G.	   Langseth,	   collected	  
seismic	  refraction	  profiles	  and	  deep-‐penetration	  multichannel	  seismic	  profiles	  across	  Tamu	  and	  
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Ori	  massifs	  (lines	  shown	  in	  Fig.	  1).	  	  Seismic	  refraction	  data	  show	  that	  Tamu	  Massif	  crust	  is	  up	  to	  
~30	  km	  thick,	  so	  although	  Tamu	  Massif	  is	  not	  tall,	  most	  of	  it	  extends	  below	  the	  seafloor,	  like	  an	  
iceberg	   (Korenaga	  and	  Sager,	   2012).	   The	  multichannel	   seismic	  profiles	   image	   subparallel	   lava	  
flow	  packages	  descending	  down	  the	  slopes	  of	  the	  volcano	  from	  its	  summit	  (Sager	  et	  al.,	  2013;	  
Zhang	  et	  al.,	  2015),	   implying	  that	  Tamu	  Massif	   is	  a	  huge	  central	  volcano.	   	  This	   is	  unlike	  many	  
large	   volcanic	   edifices	   (e.g.,	   Hawaii,	   Iceland),	   which	   are	   formed	   from	  multiple	   centers.	   	   This	  
finding	   is	   noteworthy	   because	   Tamu	  Massif	   ranks	   among	   the	   largest	   volcanoes	   in	   the	   solar	  
system.	  We	  currently	  know	  of	  no	  larger	  single	  volcano	  on	  Earth.	  	  	  

After	   these	   efforts,	   what	   is	   the	   status	   of	   the	   contest	   between	   plate	   and	   plume	  
hypotheses	  to	  explain	  Shatsky	  Rise?	  	  To	  a	  large	  degree,	  the	  debate	  continues	  because	  of	  lack	  of	  
a	  consensus	  about	  what	  constitutes	  evidence	  of	  a	  plume.	  	  Moreover,	  the	  term	  “plume”	  is	  not	  
used	   consistently,	   often	  meaning	   only	   thermal	   upwelling	   from	   somewhere	   in	   the	  mantle	   (in	  
contrast	   to	  Morgan’s	   (1971;	   1972)	   definition	   of	   a	   thermal	   diapir	   from	   the	   deep	  mantle).	   	   In	  
addition,	   the	   fertile	  mantle	   hypothesis	   is	   poorly	   developed	   (Foulger,	   2007),	   so	   it	  makes	   few	  
testable	  predictions.	   	  As	   a	   result,	   final	   impact	  of	   Shatsky	  Rise	  on	   the	  debate	   is	   not	   yet	   clear.	  	  
Many	  new	  publications	  have	  come	  out	  or	  are	  in	  progress	  with	  somewhat	  different	  views.	  	  It	  is	  
clear	   that	   Tamu	  Massif	   and	   Shatsky	   Rise	   formed	   from	   extraordinary	   volcanism.	   	   Drilling	   and	  
seismic	   data	   support	   the	   idea	   that	   Tamu	  Massif	   eruptions	   featured	  massive	   sheet	   flows	   that	  
likely	   traveled	   long	   distances,	   resulting	   in	   anomalously	   shallow	   volcanic	   slopes	   (Sager	   et	   al.,	  
2013;	   Zhang	   et	   al.,	   2015).	   	   The	   smooth	   slopes	   of	   Shatsky	   Rise	   massifs	   contrast	   to	   earlier	  
predictions	  (Sager	  et	  al.,	  1999)	  that	  formation	  near	  spreading	  ridges	  likely	  caused	  flank	  faulting	  
and	  modification	  (Zhang	  et	  al.,	  2015).	   	  This	  may	  be	  a	  result	  of	  long-‐distance	  flows	  burying	  the	  
flanks.	   	  An	  observation	   that	  does	  not	   fit	  well	   into	   this	   picture	   is	   the	   consistency	  of	   lava	   flow	  
slopes	  with	  depth	  inside	  Tamu	  Massif.	  	  Despite	  some	  sections	  where	  lava	  flows	  are	  imaged	  4-‐5	  
km	  deep	  in	  the	  volcano,	  there	  is	  no	  significant	  change	  in	  volcanic	  slope	  (Zhang	  et	  al.,	  2015),	  as	  
might	  be	  expected	   if	   eruptions	  piled	  up	  near	   the	   center,	  depressing	   that	  part	  of	   the	   volcano	  
(like	   seaward	   dipping	   reflector	   sequences,	   e.g.,	   Mutter,	   1985).	   	   This	   requires	   extraordinary	  
balance	  in	  the	  distribution	  of	  lava	  flows.	  	  	  	  

Favoring	  the	  plume	  head	  mechanism	  are	  several	  observations.	  	  The	  size	  of	  Tamu	  Massif,	  
its	   robust	   volcanism,	   and	   the	   subsequent	   diminution	   of	   magmatic	   output	   all	   fit	   the	   plume	  
model	   (Sager	   et	   al.,	   1999;	  Nakanishi	   et	   al.,	   1999).	   	   Geochemistry	   and	   isotopic	   characteristics	  
have	   been	   used	   to	   argue	   that	   enrichment	   of	   Shatsky	   Rise	   magmas	   has	   resulted	   from	   slab	  
material	  recycled	  through	  the	  lower	  mantle	  by	  a	  plume	  (Heydolph	  et	  al.,	  2014).	  	  Geochemistry	  
studies	  from	  cored	  lavas	   indicate	  that	  eruptions	  were	  sourced	  deeper	  (18-‐24	  km)	  than	  typical	  
mid-‐ocean	   ridge	   basalts	   (MORB)	   and	   at	   higher	   degrees	   of	   partial	  melt	   (15-‐20%)	   (Sano	   et	   al.,	  
2012;	   Husen	   et	   al.,	   2013).	   	   The	   geochemical	   enrichment	   interpretation	   is	   highly	   model-‐
dependent	  and	   is	  not	  certain	  that	  the	  abundant	  anomalous	  volcanism	  or	  the	  extra	  depth	  and	  
partial	  melt	  percentage	  require	  a	  plume	  source	  (Natland	  and	  Winterer,	  2005;	  Foulger,	  2007).	  	  

Arguing	   against	   a	   plume	   source	   are	   geochemical	   and	   isotopic	   studies	   that	   display	   a	  
similarity	   between	   Shatsky	   Rise	   tholeiitic	   lavas	   and	  mid-‐ocean	   ridge	   basalt	   (Mahoney	   et	   al.,	  
2005;	  Sano	  et	  al.,	  2012;	  Husen	  et	  al.,	  2013).	   	  Samples	  plot	  near	  the	  geochemical	  and	   isotopic	  
fields	   of	   East	   Pacific	   Rise	   MORB,	   although	   these	   samples	   are	   different	   in	   being	   enriched	   in	  
incompatible	  elements	  (Sano	  et	  al.,	  2012).	  	  While	  some	  scientists	  argue	  that	  the	  differences	  are	  
enough	  to	  favor	  a	  plume	  source,	  others	  counter	  that	  the	  same	  compositions	  are	  well	  within	  the	  
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global	  MORB	  field	  (Natland,	  2013).	  	  Evidence	  of	  the	  eruptive	  history	  of	  Shatsky	  Rise	  is	  still	  being	  
compiled,	  but	  preliminary	  radiometric	  dates	  from	  Site	  U1347	  cores	  on	  Tamu	  Massif	  indicate	  an	  
unexpected	   age	   gap	  of	   ~4	  Myr	   between	  magmatic	   pulses	   (Heaton	   and	  Koppers,	   2014).	   	   This	  
finding	  seems	  counter	  to	  the	  plume	  head	  model	  prediction	  of	  a	  short	  eruptive	  span	  (Coffin	  and	  
Eldholm,	  1994).	  	  Seismic	  evidence	  may	  also	  point	  to	  a	  non-‐plume	  source	  as	  Korenaga	  and	  Sager	  
(2012)	  found	  a	  negative	  correlation	  between	  seismic	  velocity	  and	  crustal	  thickness	  within	  Tamu	  
Massif,	   an	   observation	   that	   implies	   passive	   upwelling	   of	   normal	   temperature	   (Korenaga	   and	  
Sager,	  2012).	  	  This	  model	  depends	  on	  several	  assumptions	  about	  the	  source	  and	  eruption	  style,	  
so	  the	  impact	  of	  this	  observation	  is	  unclear.	  	  	  

What	   is	   clear	   is	   that	   Tamu	  Massif	  was	   a	  massive	   volcano	   formed	   in	   an	   extraordinary	  
volcanic	  event.	  Recent	  studies	  of	  Shatsky	  Rise	  have	  raised	  many	  questions	  that	  still	  need	  to	  be	  
sorted	  out,	   among	   them	  how	  such	  a	  massive	   volcano	   can	   form	  and	  evolve	  at	   the	  mid-‐ocean	  
ridge	  system,	  itself	  a	  massive	  volcanic	  system.	  	  The	  structure	  and	  evolution	  of	  the	  Tamu	  Massif	  
volcano	   are	   critical	   observations	   that	   can	   tilt	   the	   balance	   in	   the	   debate	   about	   conflicting	  
models.	  	  	  	  

Research	  Questions	  and	  Study	  Rationale	  
In	  addition	  to	  the	  broader	  question	  of	   the	  source	  depth	  of	  ocean	  plateau	  magma,	  the	  

formation	  of	  the	  huge	  Tamu	  Massif	  volcano	  very	  near	  one	  or	  more	  mid-‐ocean	  ridges	  poses	  an	  
important	   research	   problem	   relative	   to	   the	   formation	   of	   oceanic	   plateaus:	   how	   does	   such	   a	  
massive	   volcano	   form	   at	   or	   near	   mid-‐ocean	   ridges?	   	   The	   mid-‐ocean	   ridges	   themselves	   are	  
immense,	   linear	   volcanoes	   at	  which	   the	   oceanic	   crust	   is	   formed.	   	   A	   normal	  mid-‐ocean	   ridge	  
causes	  upper	  mantle	  upwelling	  and	  focusing	  of	  magma	  at	  beneath	  the	  ridge	  (e.g.,	  Sinton	  and	  
Detrick,	  1992).	  	  Magma	  is	  pulled	  from	  a	  broad	  area	  of	  the	  shallow	  upper	  mantle,	  perhaps	  100	  
km	  deep	  by	  500	  km	  in	  width	  (MELT	  Seismic	  Team,	  1998).	   	  What	  happens	  when	  an	  additional	  
upwelling	  zone	  (a	  plume)	  is	  added?	  	  Several	  authors	  have	  examined	  the	  problem	  of	  plume-‐ridge	  
interaction	  by	  modeling	  a	  plume	  beneath	  or	  close	  to	  the	  spreading	  ridges	  (e.g.,	  Ito	  et	  al.,	  2003;	  
Mittelstaedt	  et	  al.,	  2011;	  Georgen,	  2011).	  	  They	  find	  that	  plume	  upwelling	  can	  be	  channeled	  to	  
the	   ridge	   crest	   to	   form	  anomalously	   thick	   crust	  or	   result	   in	   ridge	   jumps	   caused	  by	  magmatic	  
heating	  or	  shear	  traction	  on	  the	  base	  of	  the	  plate	  (Mittelstaedt	  et	  al.,	  2008;	  2011).	  	  In	  general,	  
the	  width	  of	  ridge	  affected	  by	  the	  plume	  increases	  with	  upwelling	  flux	  and	  excess	  buoyancy	  but	  
decreases	  with	  spreading	  rate,	  upwelling	  viscosity,	  and	  plume-‐ridge	  separation	  (Ito	  et	  al.,	  2003).	  	  
Magmatic	  heating	  affects	  the	  thickness	  of	  the	  lithosphere	  and	  controls	  ridge	  jumps	  with	  jumps	  
inhibited	  by	  lower	  temperatures	  and	  thicker	  plates.	   	   	   In	  addition,	  the	  time	  for	  a	  ridge	  jump	  to	  
occur	   decreases	   depending	   on	   the	   amount	   of	   heating,	   the	   plate	   age,	   and	   spreading	   rate	  
(Mittelstaedt	  et	  al.,	  2011).	  	  	  

Most	  such	  studies	  have	  been	  focused	  on	  slow	  spreading	  or	  small	  plumes,	  so	  it	  is	  unclear	  
whether	  they	  are	  appropriate	  for	  a	  plume	  head	  at	  a	  triple	  junction	  of	  fast-‐spreading	  ridges	  as	  is	  
the	   case	   for	   Shatsky	   Rise.	   	   Tamu	   Massif	   is	   an	   immense	   volcano	   that	   formed	   by	   melting	   at	  
greater	  depths	  and	  at	  higher	  partial	  melt	  fractions	  than	  normal	  mid-‐ocean	  ridges	  (Sano	  et	  al.,	  
2012;	  Husen	  et	  al.,	  2013),	  but	  it	  is	  unclear	  whether	  this	  melting	  regime	  replaced,	  augmented,	  or	  
occurred	  separately	  from	  the	  normal	  formation	  of	  oceanic	  lithosphere.	  	  	  	  

Two	  present-‐day	  or	  recent	  volcanic	  plateaus	  may	  be	  instructive:	  Iceland	  and	  the	  Azores	  
plateau.	   	   	  The	  Greenland-‐Iceland-‐Faroe	  volcanic	   ridge	  has	   formed	  at	  or	  near	   the	  Mid-‐Atlantic	  
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Ridge	   over	   a	   period	   of	   several	   tens	   of	   millions	   of	   years	   with	   the	   massive	   Iceland	   platform	  
forming	   over	   the	   past	   ~17-‐18	   Myr	   (Foulger	   and	   Anderson,	   2005).	   	   Seismic	   sounding	   of	   the	  
mantle	  indicates	  a	  columnar	  low	  velocity	  zone	  in	  the	  upper	  mantle	  (and	  perhaps	  deeper)	  that	  
many	  scientists	  equate	  with	  a	  mantle	  plume	  (Montelli	  et	  al.,	  2006);	  although,	  this	  interpretation	  
is	   not	   accepted	   universally	   (Foulger	   and	   Anderson,	   2005).	   	   At	   Iceland,	   the	   excess	   volcanism	  
seems	  to	  augment	  the	  mid-‐ocean	  ridge	  without	  changing	  the	  overall	  dynamics.	  	  Although	  there	  
is	  a	  large	  bathymetric	  swell	  beneath	  the	  Iceland	  section	  of	  the	  Mid-‐Atlantic	  Ridge,	  ~2500	  km	  in	  
width	  (Ito	  et	  al.,	  2003),	  crustal	  spreading	  at	  Iceland	  seems	  much	  like	  normal	  seafloor	  spreading,	  
except	  that	  thicker	  crust	  (~35-‐40	  km;	  Darbyshire	  et	  al.,	  1998)	  is	  developed.	  	  Magnetic	  anomaly	  
data	   over	   and	   around	   Iceland	   show	   that	   the	   linear	   magnetic	   anomalies	   formed	   by	   seafloor	  
spreading	  continue	  through	  Iceland	  (Fig.	  2;	  Ryan,	  1990);	  although,	  the	  anomalies	  change	  from	  
being	   strikingly	   linear	   adjacent	   to	   Iceland	   to	   ragged	   as	   they	   pass	   through	   the	   island.	   	   This	  
departure	   from	   linearity	   probably	   occurs	   because	   the	   upper	   Iceland	   crust	   consists	   of	   large,	  
individual	  volcanoes	  (Sigmundsson,	  2005)	  that	  are	  three-‐dimensional	  rather	  than	  strictly	  linear.	  	  
The	  coherent	  magnetic	  lineations,	  however,	  imply	  that	  Iceland	  forms	  by	  the	  addition	  of	  hotspot	  
magma	  to	  the	  normal	  ridge	  volcanic	  process.	  	  If	  Shatsky	  Rise	  was	  simply	  a	  Jurassic	  Iceland,	  we	  
would	  expect	   to	   find	  similar	  magnetic	   lineations	  within	   its	  volcanic	  edifices.	   Indeed,	  magnetic	  
lineations	  are	  seen	  in	  some	  locations	  within	  Shatsky	  Rise	  (Fig.	  1;	  Nakanishi	  et	  al.,	  1999).	  

Similar	   to	  Shatsky	  Rise,	   the	  Azores	  Plateau	   formed	  asymmetrically	  at	  a	   triple	   junction,	  
which	   consisted	   of	   two	   segments	   of	   the	   Mid-‐Atlantic	   Ridge	   and	   the	   Terceira	   Rift,	   a	   slowly	  
moving,	   mainly	   extensional	   boundary	   between	   Europe	   and	   Africa	   (Gente	   et	   al.,	   2003).	   	   The	  
plateau	  was	   formed	  between	  20-‐7	  Ma	   from	  episodic	   hotspot	   volcanism	   (Gente	   et	   al.,	   2003).	  	  
Excess	   volcanism	  was	   emplaced	   primarily	   on	   the	   African	   and	   European	   plates	   as	   a	   result	   of	  
relative	  motion	   of	   the	   hotspot	   and	   the	   plate	   boundaries	   as	  well	   as	   triple	   junction	   geometry	  
(Georgen	  and	  Sankar,	  2010;	  Georgen,	  2011).	   	  As	  at	   Iceland,	  magnetic	   isochrons	  can	  be	  traced	  
through	  the	  thickened	  crust	  of	  the	  Azores	  Plateau.	  

	  

 
Although	  Iceland	  and	  the	  Azores	  Plateau	  have	  similarities	  to	  Shatsky	  Rise,	  they	  are	  not	  

exact	  analogs.	   	  The	   Iceland	  platform	   formed	  over	  a	   longer	   time	   interval	   (~17-‐18	  Myr)	   than	   is	  
thought	  likely	  for	  Tamu	  Massif	  (less	  than	  several	  Myr)	  (Sager,	  2005).	  	  Furthermore,	  Iceland	  is	  a	  
high	  island,	  whereas	  there	  is	  no	  unequivocal	  evidence	  that	  Tamu	  Massif	  was	  emergent	  (Sager	  

Figure	   2.	   Magnetic	   anomalies	   in	   the	  
vicinity	   of	   Iceland	   (pink	   area).	   	   Black	  
(white)	  areas	  show	  positive	  (negative)	  
anomalies.	   	   Linear	   anomalies	   are	  
created	   along	   the	   Mid-‐Atlantic	   Ridge	  
crest,	  which	  divides	  Iceland.	  	  Although	  
anomalies	   over	   Iceland	   itself	   are	   not	  
as	   linear	   as	   those	   in	   surrounding	  
basins,	   they	   can	   still	   be	   traced	  
through	  the	  island.	  (from	  Ryan,	  1990)	  
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et	  al.,	  2013).	   	  The	  Azores	  plateau	  also	   formed	  over	  a	   long	  time	  period	   (~13	  Myr)	  and	  did	  not	  
produce	  a	  plateau	  as	  thick	  as	  Shatsky	  Rise	  (Gente	  et	  al.,	  2003).	   	   In	  addition,	  both	   Iceland	  and	  
the	  Azores	  formed	  at	  slow	  spreading	  ridges,	  whereas	  Shatsky	  Rise	  formed	  along	  fast	  spreading	  
ridges.	  	  	  

In	  contrast	  to	  these	  observations	  implying	  normal	  crust	  formation	  within	  many	  plateaus,	  
recent	   findings	   from	  Tamu	  Massif	   suggest	  a	  different	  development.	   	  Drilling	  and	  seismic	  data	  
give	  the	  picture	  that	  Tamu	  Massif	  is	  an	  immense	  central	  volcano	  (Sager	  et	  al.,	  2013a;	  Zhang	  et	  
al.,	  2015).	  	  	  Such	  a	  structure	  implies	  that	  massive	  eruptions	  would	  have	  overwhelmed	  the	  ridge	  
volcanism,	  building	  an	  extensive	  shield	  and	  burying	  antecedent	  topography	  with	  volcanic	  flows	  
(Sager	  et	  al.,	  1999;	  Nakanishi	  et	  al.,	  1999).	  	  This	  model	  implies	  a	  drastically	  different	  magnetic	  
structure.	   	  Magnetic	   lineations	   form	  where	   the	   spread	  of	   lava	   flows	   is	   limited	  and	   the	  entire	  
vertical	  section	  of	  crust	  maintains	  the	  same	  polarity.	  	  A	  massive	  volcano	  would	  have	  a	  complex,	  
non-‐linear	  anomaly	  if	  it	  erupted	  over	  multiple	  polarity	  periods.	  	  If	  erupted	  within	  a	  short	  period	  
of	  time,	  it	  would	  have	  a	  coherent	  anomaly,	  but	  not	  magnetic	  lineations.	  	  Sager	  and	  Han	  (1993)	  
noted	  that	  a	  large	  positive	  anomaly	  exists	  over	  Tamu	  Massif	  and	  attributed	  this	  structure	  to	  the	  
entire	  edifice	  having	  formed	  rapidly	  during	  a	  single	  reversed	  polarity	  period.	  	  Figure	  3	  shows	  a	  
cartoon	  explaining	  how	  the	  magnetic	  structure	  would	  differ	  from	  an	  augmented	  ridge	  (Iceland	  
type)	  vs.	  a	  massive	  volcanic	  pulse.	  	  	  

Existing	  magnetic	  data	  from	  Shatsky	  Rise	  imply	  that	  Tamu	  Massif	  may	  have	  evolved	  as	  a	  
hybrid	   of	   these	   two	  mechanisms.	   	   Linear	  magnetic	   anomalies	   have	   been	   traced	   through	   the	  
northeast	   flank	   of	   this	   volcano	   (Fig.	   1;	   Nakanishi	   et	   al.,	   1999),	   but	   not	   the	   summit	   and	  
southwest	   side.	   	   As	   seen	   in	   Figure	   1,	   the	   southwest	   flank	   is	   parallel	   to	  M21	   in	   the	  Hawaiian	  
lineations	  whereas	   the	   northwest	   flank	   follows	  M20	   in	   the	   Japanese	   lineations.	   	   In	   contrast,	  
anomalies	  M19-‐M17	  pass	   through	  the	  northeast	   flank	  and	  anomalies	  M20-‐M18	  pass	   into	   the	  
southeast	  flank	  (Fig.	  1).	  	  Several	  unidentified	  linear	  magnetic	  anomalies	  may	  also	  occur	  closer	  to	  
the	  center	  of	  Tamu	  Massif	  (Fig.	  1;	  Nakanishi	  et	  al.,	  1999).	  

 
Figure	  3.	  Cartoon	  showing	  expected	  distribution	  of	  magnetic	  anomalies	  from	  massive	  central	  pulse	  (above)	  and	  
augmented	  ridge	  (below)	  formation	  mechanisms.	  

Shatsky	  Rise	  Magnetic	  Anomalies	  
The	  proposed	  study	  examined	  the	  magnetic	  anomalies	  of	  Tamu	  Massif	  to	  see	  whether	  

the	  hybrid	  nature	   is	  valid	   (i.e.,	  confirm	  whether	   there	  are	  places	  magnetic	   lineations	   traverse	  
Tamu	  Massif	  and	  places	  where	  they	  do	  not)	  and	  to	  investigate	  the	  magnetic	  structure	  of	  Tamu	  
Massif	  and	  its	  implications	  for	  the	  volcanic	  and	  tectonic	  evolution	  of	  the	  edifice.	  	  Determining	  
the	   locations	   and	   identities	   of	   magnetic	   lineations	   and	   their	   relations	   to	   the	   surrounding	  
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lineation	   pattern	   is	   a	   primary	   focus	   because	   these	   anomalies	   can	   be	   used	   to	   infer	   the	  
evolutionary	  history.	  	  

 
Figure	   4.	   Compilation	   of	  magnetic	   anomaly	   data	   over	   Shatsky	   Rise	   and	   environs.	   	   Contours	   show	   the	  
locations	  and	  shapes	  of	  the	  three	  massifs.	  	  Positive	  anomalies	  are	  in	  hot	  colors	  and	  negative	  anomalies	  
are	  denoted	  by	  cool	  colors.	  

Figure	   4	   is	   a	   compilation	   of	   magnetic	   anomaly	   data	   over	   Shatsky	   Rise	   and	   environs	  
(Huang	  and	  Sager,	  2013).	   	  One	  can	  see	  the	  striking	   linearity	  of	   the	  Japanese	   lineations	  to	  the	  
northwest,	  the	  Hawaiian	  lineations	  to	  the	  south,	  and	  to	  a	  lesser	  degree	  the	  Hawaiian	  lineations	  
to	  the	  southeast.	  	  Magnetic	  lineations	  appear	  to	  transect	  the	  rise,	  as	  noted	  by	  Nakanishi	  et	  al.	  
(1999).	   	   Notably,	   this	   map	   seems	   to	   show	   subdued	   linear	   magnetic	   anomalies	   crossing	   the	  
northeast	   part	   of	   Tamu	   Massif.	   	   It	   also	   shows	   linear	   magnetic	   anomalies	   within	   Ori	   Massif	  
parallel	   to	   the	   Japanese	   lineations,	   implying	   that	   this	   edifice	   formed	   like	   Iceland.	   	   Figure	   5	  
shows	  Tamu	  Massif	  in	  detail	  from	  the	  same	  compilation.	  	  A	  clear	  M21,	  trending	  NW-‐SE,	  borders	  
the	  southwest	  flank.	  	  Quasi-‐linear	  magnetic	  anomalies	  are	  indicated	  on	  the	  north	  side	  of	  Tamu	  
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Massif.	   	  On	   the	  southeast	   side,	   the	   linear	  magnetic	  anomalies	   interpreted	  by	  Nakanishi	  et	  al.	  
(1999)	  are	  not	  obvious.	  	  The	  bulk	  of	  Tamu	  Massif	  is	  characterized	  by	  a	  broad	  positive	  anomaly	  
over	   its	   center,	   trending	   SW-‐NE,	  with	   flanking	   lows	  on	   the	  northwest	   and	   south	   flanks.	   	   This	  
anomaly	  geometry	  was	  analyzed	  by	  Sager	  and	  Han	  (1993)	  who	  concluded	  that	  it	  indicates	  that	  
most	  of	  Tamu	  Massif	  has	  a	  reversed	  magnetic	  polarity,	  indicating	  rapid	  emplacement.	  	  At	  face	  
value,	  the	  change	  in	  anomaly	  character	  from	  one	  side	  of	  Tamu	  Massif	  to	  the	  other	  implies	  that	  
the	   center	  and	   southwest	  part	  of	  Tamu	  Massif	   formed	  by	   the	  pulse	  mechanism	  whereas	   the	  
northeast	  part	  formed	  more	  like	  Iceland.	  	  However,	  seismic	  data	  show	  no	  obvious	  difference	  in	  
structure	  across	  the	  volcano	  (Zhang	  et	  al.,	  2015).	  

 
Figure	  5.	  	  Magnetic	  anomaly	  map	  over	  Tamu	  Massif.	  	  Curving	  black	  lines	  show	  bathymetry	  contours	  for	  reference.	  	  
Heavy	   contours	  are	  at	  1	   km	   intervals.	   	   Ship	   tracks	  with	  magnetic	  data	  are	   shown	  by	   thin	  and	  heavy	  black	   lines.	  	  
Heavy	  lines	  denote	  tracks	  positioned	  with	  GPS	  navigation.	  

Why	  is	  a	  Magnetic	  Survey	  Needed?	  
Shatsky	  Rise	  is	  criss-‐crossed	  by	  dozens	  of	  ship	  tracks	  over	  the	  past	  60	  years.	  	  Data	  from	  

88	  cruises	  were	  used	  to	  make	  Figure	  4.	  In	  addition,	  it	  has	  been	  visited	  recently	  by	  the	  IODP	  and	  
seismic	   cruises,	   which	   also	   collected	   magnetic	   data.	   	   Why	   are	   more	   data	   required?	   	   The	  
problem	  is	  that	  the	  existing	  data	  set	  is	  heavily	  biased	  toward	  old	  cruises,	  highly	  heterogeneous,	  
and	  haphazardly	   located	  because	   it	  has	  been	  collected	  over	  decades	  on	  unrelated	  cruises.	   	   In	  
addition,	  many	  older	  cruise	  magnetic	  data	  exhibit	  errors,	   for	  example,	   recording	  the	  anomaly	  
but	  not	   the	  original	  value	   (so	  the	  data	  cannot	  be	  corrected	  with	  a	   recent	   field	  model).	   	  Most	  
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tracks	   are	   only	   transits	   over	   the	   rise.	   	   The	   vast	   majority	   of	   cruises	   occurred	   before	   the	  
introduction	  of	  GPS	  navigation	  (Fig.	  5),	  so	   large	   location	  uncertainty	   is	  the	  norm.	   	   In	  addition,	  
data	   collected	   on	   the	   IODP	   and	   Langseth	   cruises	   have	   problems	  with	  magnetic	   interference.	  	  
The	   IODP	   data	   had	   to	   be	   corrected	   for	   large	   ship-‐effect	   anomalies	   because	   the	   borrowed	  
magnetometer	  used	  on	  the	  cruise	  was	  not	  designed	  for	  such	  a	  large	  ship	  (Kang	  et	  al.,	  2010).	  A	  
similar	   problem	   occurred	   on	   the	   seismic	   vessel	   Langseth;	   the	  magnetometer	  was	   positioned	  
too	  close	   to	   the	   ship	  because	  of	   concern	   that	   it	  would	   foul	   the	   seismic	  gear	   if	   towed	   too	   far	  
astern.	  	  These	  problems	  limit	  the	  usefulness	  of	  these	  data	  sets.	  	  In	  addition,	  they	  represent	  only	  
a	   few	  new	   tracks.	   	   The	   large	  dataset	   shown	   in	   Figure	  4	  has	  an	   initial	  RMS	  crossover	  error	  of	  
~385	  nT.	  	  After	  correction	  with	  IGRF-‐11,	  the	  RMS	  error	  drops	  to	  110	  nT	  and	  after	  correction	  for	  
predictable	  external	  fields	  (Model	  CM-‐4,	  Sabaka	  et	  al.,	  2002;	  2004)	  the	  RMS	  error	  is	  reduced	  to	  
~75	   nT	   (Huang	   and	   Sager,	   2013).	   	   This	   variance	   is	   larger	   than	  many	   subtle	   anomalies	  within	  
Tamu	  Massif,	  making	   it	  difficult	  to	  reliably	  trace	  anomalies.	   	   	  Furthermore,	  the	  distribution	  of	  
tracks	   is	   highly	   heterogeneous,	   Leaving	   gaps	   in	   the	   data	   that	   do	   not	   allow	   clear	   tracing	   of	  
anomalies	  (Figs.	  4,	  5).	  	  

New	   analysis	   of	   linear	  magnetic	   anomalies	   is	   needed	   because	   of	   uncertainties	   in	   the	  
interpretation	  of	  Nakanishi	  et	  al.	  (1999).	   	  These	  investigators	  traced	  magnetic	  anomalies	  from	  
the	   exterior	   of	   Shatsky	   Rise	   into	   the	   interior.	   	   They	   noted	   that	   anomaly	   signatures	   often	  
changed,	   but	   then	   “connected	   the	   dots”	   where	   they	   thought	   it	   possible	   to	   trace	   anomalies	  
across	  the	  gaps	  between	  tracks.	  	  As	  shown	  in	  Figure	  6,	  the	  spacing	  between	  tracks	  is	  large,	  so	  
interpretations	   are	   uncertain.	   	   Cruise	   FK151005	   obtained	   a	   large	   data	   set	   with	   excellent	  
navigation	  and	  this	  will	  allow	  us	  to	  make	  a	  data	  grid	  and	  trace	  magnetic	  anomalies	  with	  more	  
certainty.	  	  In	  particular,	  we	  will	  verify	  the	  anomalies	  crossing	  the	  north	  side	  of	  Tamu	  Massif	  and	  
those	   entering	   the	   southeast	   flank,	   both	   of	   which	   are	   unclear	   in	   Figure	   5,	   are	   correctly	  
interpreted.	   	   This	   will	   determine	   whether	   Tamu	   Massif	   is	   really	   some	   kind	   of	   hybrid	   and	  
whether	  the	  type	  of	  crustal	  formation	  changed	  from	  one	  side	  to	  the	  other.	  
	  

 
Proposed	  Cruise	  and	  Research	  Strategy	  

The	  main	  goal	  of	  the	  cruise	  was	  to	  obtain	  a	  network	  of	  closely-‐spaced	  magnetic	  tracks	  
covering	   most	   of	   Tamu	   Massif	   (Fig.	   7).	   Not	   only	   will	   the	   new	   data	   provide	   more	   uniform	  
coverage,	  but	  the	  GPS-‐navigated	  data	  can	  be	  used	  as	  a	  framework	  for	  correcting	  many	  of	  the	  

Figure	   6.	   	   Magnetic	   anomaly	   inter-‐
pretation	   on	   the	   north	   flank	   of	  Tamu	  
Massif	   from	   Nakanishi	   et	   al.	   (1999).	  
Ship	  tracks	  are	  shown	  by	  straight,	  thin	  
lines,	   whereas	   “wiggly”	   lines	   show	  
magnetic	   anomalies	   plotted	   perpen-‐
dicular	   to	   the	   track.	   	   Positive	  
anomalies	  are	  shaded	  with	  black.	  	  This	  
figure	   illustrates	   the	   sparse	  nature	   of	  
magnetic	  tracks	  over	  Tamu	  Massif.	  
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old	  track	  lines	  with	  poor	  navigation.	  	  Old	  data	  can	  be	  compared	  with	  the	  new	  data	  at	  trackline	  
crossings	  and	  older	  tracks	  can	  be	  shifted	  to	  fit	  the	  new	  data,	  filling	  gaps	  between	  the	  proposed	  
lines.	  
	   As	   proposed,	   the	   cruise	   consists	   of	   17	   north-‐south	   oriented	   track	   lines	   of	   varying	  
lengths,	   spaced	   ~31	   km	   (17	   nm)	   apart	   (Fig.	   7).	   	   This	   spacing	   was	   dictated	   by	   practical	  
considerations,	  being	  the	  minimum	  spacing	  that	  can	  cover	  most	  of	  Tamu	  Massif	  with	  a	  36-‐day	  
survey	  (Falkor	  cruise	  duration	  maximum).	  	  The	  Falkor	  collected	  magnetic	  and	  bathymetry	  data	  
along	   these	   lines.	   	   The	   lines	   are	   oriented	   N-‐S	   because	   this	   orientation	   records	   magnetic	  
anomalies	   oriented	   SW-‐NE	   and	   NW-‐SE	   (orientations	   of	   magnetic	   anomalies	   in	   Fig.	   1).	   	   The	  
survey	  is	  designed	  to	  cover	  most	  of	  Tamu	  Massif	  with	  lines	  extending	  across	  identified	  magnetic	  
anomalies	  on	  the	  periphery	  of	  the	  volcano.	  	  Track	  lines	  and	  turns	  in	  Figure	  7	  amount	  to	  ~6950	  
km	  (3750	  nm)	  in	  length,	  which	  would	  take	  ~19.5	  days	  at	  a	  survey	  speed	  of	  10	  kt.	  	  The	  length	  of	  
the	  cruise	  was	  proposed	  as	  36	  days	   including	  transit	   from	  Hawaii	   to	   the	  study	  area	  and	   from	  
there	  to	  Guam.	  	  	  

Equipment	  
As	   the	   primary	   goal	   of	   the	   cruise	   was	   to	   collect	  magnetic	   and	   bathymetry	   data	   over	  

Tamu	  Massif,	  the	  main	  pieces	  of	  equipment	   in	  use	  were	  the	  EM302	  multibeam	  echo-‐sounder	  
sonar	   and	   the	   SeaSpy	   marine	   magnetometer.	   	   Naturally,	   it	   was	   necessary	   to	   know	   the	  
instrument	   location,	   so	   the	   Falkor’s	   Seapath	   320	   GPS	   navigation	   system	   was	   used	   for	  
positioning.	   	  Proper	  operation	  of	  the	  multibeam	  requires	  corrections	  for	  vertical	  sound	  speed	  
velocity	  changes,	  so	  the	  Sippican	  XBT	  was	  used	  to	  determine	  temperature	  profiles	  in	  the	  upper	  
water	  column.	  

EM302	  Multi-‐beam	  Echo-‐sounder	  
	   The	   Kongsberg	   EM302	   30-‐kHz	   multibeam	   echo-‐sounder	   was	   used	   for	   determining	  
depths	  to	  the	  seafloor	  because	  this	  system	  is	  the	  lowest	  frequency	  multibeam	  system	  available	  
on	  Falkor,	  which	  means	  it	  is	  the	  only	  one	  appropriate	  for	  deep	  sea	  sounding.	  	  It	  transmits	  and	  
receives	  acoustic	  signals	  from	  a	  transducer	  array	  located	  beneath	  the	  ship’s	  bulbous	  bow.	  	  The	  
EM302	  makes	   a	   swath	  of	  up	   to	  480	   soundings	   (in	   the	   two-‐ping	  mode	  as	  used	   in	   the	   survey)	  
perpendicular	  to	  the	  ship	  track,	  using	  beams	  of	  0.5°-‐1.0°	  x	  1.0°	  dimension.	  	  Because	  the	  depths	  
over	  Tamu	  Massif	  are	  mostly	  deeper	  than	  ~4,000	  m,	   it	  was	  necessary	  to	  operate	  the	  sonar	   in	  
the	   “deep”	   or	   “ultradeep”	  mode.	   	   In	   these	   settings,	   the	   swath	  width	   is	   limited	   to	   ~8-‐10	   km	  
width	   in	  most	  of	   the	   study	  area.	   	  A	   lower	   frequency	   (12	   kHz)	  multibeam	  system	  would	  have	  
allowed	  the	  swath	  to	  be	  larger.	  	  Nevertheless,	  the	  system	  worked	  well	  during	  the	  survey	  period	  
and	  rarely	  lost	  much	  data	  owing	  to	  poor	  sea	  conditions.	  	  The	  EM302	  sends	  out	  acoustic	  signals	  
(pings)	  at	  a	  rate	  determined	  by	  water	  depth.	  During	  most	  of	  the	  survey,	  the	  ping	  rate	  was	  once	  
every	  6-‐10	  seconds.	  

	   Raw	   sonar	   soundings	   often	   contain	   bad	   data,	   so	   it	   was	   necessary	   to	   delete	   bad	  
soundings.	   	   Sonar	   data	   were	   recorded	   in	   *.all	   format	   and	   imported	   into	   Caris	   Hips/Sips	  
Easyview	  software.	  	  Caris	  allows	  the	  user	  to	  view	  the	  swath	  in	  three	  dimensions	  and	  manipulate	  
its	  position	  on	  the	  screen,	  so	  that	  spurious	  soundings	  stand	  out.	  	  These	  soundings	  were	  deleted	  
and	  saved	  to	  new	  files	  with	  corrected	  data	  in	  x,	  y,	  z	  format.	  	  All	  soundings	  were	  corrected	  for	  
vertical	  water	  velocity	  variations	  by	  the	  proprietary	  Kongsberg	  sonar	  operations	  program.	  	  XBT	  
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readings	   along	  with	   sea	   surface	   salinity	  were	   input	   to	   the	   software,	  which	   corrects	   for	   slant-‐
range	  refraction.	  	  	  

 
Figure	  7.	  Proposed	  survey	  track.	  	  Red	  lines	  show	  proposed	  cruise	  track	  superimposed	  on	  satellite	  altimetry-‐derived	  
bathymetry	  map	  with	  colors	  indicating	  depth	  (scale	  at	  right)	  and	  contours	  at	  500-‐m	  intervals,	  labeled	  in	  km.	  	  Black	  
lines	  show	  identified	  magnetic	  anomalies	  (from	  Nakanishi	  et	  al.,	  1999).	  	  

Expendable	  Bathythermograph	  (XBT)	  
	   The	  Lockheed	  Martin	  Sippican	  XBT	  system	  was	  used	   to	   record	   temperature	  profiles	   in	  
the	   upper	   1200	   m	   of	   water	   while	   underway.	   	   These	   data	   are	   used	   as	   input	   to	   the	   EM302	  
operating	  software,	  which	  uses	  these	  data	  to	  make	  refraction	  corrections	  for	  the	  sonar	  sound	  
beams.	  	  Although	  pressure	  and	  salinity	  also	  affect	  sound	  wave	  refraction,	  it	  has	  been	  found	  that	  
the	  primary	  anomalies	  in	  the	  upper	  water	  column	  are	  caused	  by	  temperature,	  so	  it	  is	  standard	  
procedure	  to	  use	  only	  XBT	  profiles	   for	  sounding	  data	  correction.	   	  XBT	  soundings	  were	  usually	  
made	  once	  per	  day	  or	  at	  lesser	  intervals	  if	  it	  appeared	  that	  water	  mass	  changes	  had	  occurred.	  	  	  

Marine	  Magnetometer	  
	   A	   Marine	   Magnetics	   SeaSpy	   marine	   magnetometer	   (“maggie”)	   was	   used	   to	   make	  
measurements	   of	   the	   total	   strength	   of	   the	  magnetic	   field.	   	   This	   type	   of	   magnetometer	   is	   a	  
variant	   of	   proton	   precession	   instrument	   that	   makes	   measurements	   using	   the	   Overhauser	  
effect.	   	   The	   SeaSpy	   maggie	   can	   make	   readings	   accurate	   to	   0.1	   nT.	   	   The	   “BOB”	   operating	  
software	  by	  Marine	  Magnetics	  was	  used	  to	  run	  the	  magnetometer	  and	  collect	  data.	  	  Magnetic	  
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field	  readings	  were	  taken	  at	  1-‐second	  intervals	  and	  merged	  with	  the	  Seapath	  GPS	  navigation	  to	  
provide	  locations	  for	  the	  readings.	  	  The	  maggie	  was	  towed	  on	  a	  280-‐m	  cable	  behind	  Falkor	  to	  
get	  away	  from	  the	  ship’s	  magnetic	  field.	  	  This	  layback	  placed	  it	  ~320	  m	  behind	  the	  GPS	  receiver	  
on	  the	  mast.	  	  The	  Bob	  software	  allowed	  the	  data	  to	  be	  corrected	  for	  this	  layback.	  	  	  

	   Magnetic	  readings	  were	  decimated	  to	  an	   interval	  of	  one	  per	  minute	  and	  corrected	  for	  
the	   core	   field	   using	   the	   IGRF-‐11	  model	   (Finlay	   et	   al.,	   2010).	   	   These	   data	   were	  merged	   with	  
depth	  soundings	  in	  the	  MGD77	  file.	  

	   The	  ship’s	  magnetometer	  cable	  is	  not	  mounted	  on	  a	  winch,	  so	  the	  maggie	  and	  its	  cable	  
was	   deployed	  by	   hand	  over	   the	   stern.	   	   The	   cable	  was	   tied	   off	   on	   a	   towing	   point	   on	   the	   aft-‐
starboard	   section	   of	   the	   fantail.	   	   A	   “Chinese	   finger”	   knot	   was	   used	   to	   spread	   the	   stress	   of	  
towing	  along	  a	  section	  of	  the	  tow	  cable,	  so	  that	  it	  would	  not	  kink.	  	  During	  the	  cruise,	  both	  the	  
ship’s	  maggie	  and	  a	  spare	  provided	  by	  the	  chief	  scientist	  were	  used.	  	  The	  spare	  was	  used	  first,	  
but	  upon	   inspection	  when	   recovered	  half-‐way	   through	   the	   cruise,	   it	  was	  discovered	   that	   the	  
towfish	   had	   been	   attacked	   by	   sharks.	   	   The	   fish’s	   fins	   were	   badly	   damaged	   (Fig.	   8).	   	   In	  
consequence,	  the	  ship’s	  maggie	  was	  used	  for	  the	  second	  half	  of	  the	  cruise.	  	  It	  was	  also	  attacked	  
by	  sharks	  and	  the	  cable	  was	  almost	  severed	  ahead	  of	  the	  fish.	  	  Altogether,	  it	  was	  good	  luck	  that	  
neither	  was	  lost	  or	  irreparably	  damaged.	  

	  
Figure	  8.	  Damaged	  tail	  fins	  of	  the	  magnetometer.	  

Navigation	  
	   The	  Kongsberg	  Seapath	  320	  navigation	  system	  was	  used	  for	  positioning	  measurements	  
during	  the	  cruise.	  	  This	  satellite	  navigation	  system	  uses	  inputs	  from	  Global	  Navigation	  Satellite	  
Systems	  (GNSS),	  which	   include	  the	  US	  Navstar	  GPS	  system	  and	  the	  Russian	  GLONASS	  satellite	  
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system.	   	   The	   Seapath	   uses	   navigation,	   speed,	   and	   heading	   inputs	   along	   with	   an	   inertial	  
reference	   unit	   and	   calculates	   a	   position	   for	   the	   antenna,	  which	   is	   located	   on	   the	  mast.	   	   The	  
Seapath	   system	   outputs	   an	   NMEA	   format	   file	   with	   positions	   and	   other	   data	   at	   1-‐second	  
intervals.	   	   These	  positions	  were	  used	   for	   positioning	  data	   collected	  during	   the	   cruise.	   	   These	  
data	   were	   ported	   directly	   to	   the	   EM302	   processing	   software,	   so	   that	   soundings	   were	   geo-‐
referenced,	  and	  also	  input	  to	  the	  BOB	  software	  for	  recording	  magnetic	  data.	  	  	  

Cruise	  Narrative	  
	   Cruise	  FK151005	  was	  in	  three	  parts:	  transit	  from	  Hawaii	  to	  the	  survey	  area,	  survey	  lines	  
over	  Tamu	  Massif,	  and	  transit	   to	  Guam.	   	  The	  first	  transit	   took	  ~10	  days,	  the	  survey	  ~20	  days,	  
and	  the	  last	  transit,	  ~6	  days	  for	  a	  total	  of	  36	  days.	  	  	  

Transit	  from	  Honolulu	  to	  Tamu	  Massif:	  5-‐15	  October	  2015	  
	   Falkor	  left	  the	  dock	  at	  Pier	  31	  in	  Honolulu	  at	  0800	  HST	  (1800	  UT	  –	  note:	  times	  given	  in	  
UT	  unless	  otherwise	  noted)	  on	  5	  October	  2015.	  	  Several	  hours	  were	  spent	  offshore	  of	  Honolulu	  
while	  calibrating	  the	  binnacle	  compass.	  	  By	  	  0000	  UT	  on	  6	  October,	  the	  ship	  was	  underway	  at	  12	  
kt	  and	  heading	  west.	   	  By	  0400	  UT,	  the	  multibeam	  was	  recording	  data	  and	  by	  2040	  UT	  on	  the	  
same	   day,	   the	   magnetometer	   was	   operational.	   	   The	   ship	   continued	   transiting	   at	   10-‐12	   kt	  
heading	   generally	  WNW	  along	   the	   south	   side	   of	   the	  Hawaiian	   seamount	   chain	   (Fig.	   9)	  while	  
collecting	  underway	  multibeam	  soundings	  and	  magnetic	  field	  data.	  

	  
Figure	  9.	   Transit	   track	   from	  5-‐15	  October	  2015.	   	  Red	  dots	   show	   the	   ship’s	  position	  every	  6	  hours	  with	  0000	  UT	  
labeled	  with	  the	  date.	  	  WP-‐1	  is	  the	  first	  waypoint	  on	  survey	  line	  1,	  the	  beginning	  of	  the	  Tamu	  Massif	  survey.	  

	   During	   the	   transit,	   the	   track	   was	   adjusted	   to	   cross	   over	   seamounts	   and	   other	  
bathymetric	  features.	  	  Falkor	  crossed	  Necker	  Ridge	  and	  other	  smaller	  nearby	  ridges	  at	  the	  end	  
of	  7	  October	  and	  beginning	  of	  8	  October.	  	  Several	  small	  seamounts	  in	  a	  cluster	  south	  of	  Pioneer	  
Bank	   and	   Laysan	   Island	  were	   crossed	   on	   the	  morning	   of	   9	   October.	   	   Two	   extensions	   of	   the	  
Mendocino	  Fracture	  Zone	  were	  crossed	  during	  the	  second	  half	  of	  12	  October.	  	  Many	  magnetic	  
anomalies	  were	  recorded	  on	  the	  survey	  track,	  which	  obliquely	  crossed	  the	  Hawaiian	  magnetic	  
lineations	  (Larson	  and	  Hilde,	  1975)	  (Fig.	  10).	  
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Figure	  10.	  	  Magnetic	  anomalies	  recorded	  during	  the	  transit	  from	  Honolulu	  to	  Tamu	  Massif.	   	  The	  thin	  black	  line	  is	  
the	   ship	   track	   and	   the	   blue	   “wiggly”	   line	   shows	   the	   anomaly	   values	   plotted	   perpendicular	   to	   the	   track,	   with	  
positive	  values	  to	  the	  north.	  

Tamu	  Massif	  Survey:	  15	  October	  –	  4	  November	  2015	  
	   The	  beginning	  waypoint	  for	  the	  survey,	  at	  the	  north	  end	  of	  Line	  1,	  was	  reached	  at	  1155	  
UT	  on	  15	  October	  (Table	  1)	  and	  the	  ship	  turned	  south	  on	  the	  line.	   	  The	  planned	  survey	  speed	  
was	  8	  kt	  to	  conserve	  fuel	  and	  collect	  good	  quality	  data.	  Lines	  1	  –	  8	  were	  run	  without	  incident	  
from	  15-‐24	  October	  (Fig.	  11)	  at	  speeds	  of	  6.5-‐9.5	  kt.	   	  At	  the	  end	  of	   line	  8,	  at	  which	  point	  the	  
ship	  was	  at	  the	  north	  end	  of	  the	  line,	  a	  decision	  was	  made	  to	  retrieve	  the	  magnetometer	  and	  
sail	  WSW	  off	  the	  survey	  because	  of	  impending	  inclement	  weather	  caused	  by	  the	  merger	  of	  the	  
remnant	  of	  typhoon	  Champi	  and	  a	  large	  Siberian	  low	  to	  the	  north	  of	  the	  survey	  area.	  	  Predicted	  
wave	  heights	  at	  the	  north	  end	  of	  the	  survey	  were	  ~8	  m.	  	  	  
	   Falkor	   sailed	   SW	   over	   abyssal	   seafloor	   north	   of	   Tamu	  Massif	   for	   a	   bit	   more	   than	   12	  
hours	  into	  the	  early	  hours	  of	  25	  October.	  	  At	  that	  time,	  the	  decision	  was	  made	  to	  redeploy	  the	  
magnetometer	  and	  go	  south,	  collecting	  data	  on	  Line	  14,	  the	  idea	  being	  that	  the	  weather	  would	  
clear	  first	  at	  the	  southwest	  end	  of	  the	  survey.	  	  Line	  14	  was	  run	  on	  25	  October,	  ending	  just	  after	  
0000	  hrs	  on	  26	  October,	  and	  Falkor	  headed	  SW	  away	  from	  Tamu	  Massif	  after	  reaching	  the	  end	  
of	  the	  line	  to	  wait	  on	  weather	  (Fig.	  11).	  A	  bit	  after	  0800	  on	  26	  October,	  a	  decision	  was	  made	  to	  
head	  for	  the	  beginning	  of	  Line	  17	  at	  the	  west	  end	  of	  the	  survey.	  	  The	  plan	  was	  to	  begin	  at	  the	  
west	  end	  of	  the	  survey	  and	  run	  the	  lines	  sequentially	  eastward	  as	  time	  remained.	  
	   The	  beginning	  of	  Line	  17	  was	  attained	  just	  after	  0000	  hr	  on	  27	  October.	  	  The	  weather	  
cooperated	  and	  Lines	  17	  back	  to	  9	  were	  run	  over	  the	  ensuing	  7	  plus	  days	  (Fig.	  11)	  at	  speeds	  of	  
6.5-‐9.0	  kt.	  	  Despite	  losing	  time	  to	  poor	  weather	  conditions,	  the	  only	  loss	  to	  the	  survey	  was	  ~50	  
nm	  of	  the	  Line	  9	  track	  because	  it	  was	  necessary	  to	  turn	  around	  before	  progressing	  as	  far	  north	  
as	  originally	  planned	  (compare	  Figs.	  7,	  11).	  
Transit	  to	  Guam:	  4	  –	  10	  November	  2015	  
	   The	  south	  end	  of	  Line	  9	  was	  reached	  at	  1049	  hr	  on	  4	  November,	  bringing	  to	  a	  close	  the	  
survey	  of	  Tamu	  Massif.	  	  Falkor	  turned	  SW	  and	  headed	  for	  Guam,	  the	  end	  port	  for	  the	  cruise.	  	  
The	  cruise	  track	  passed	  close	  to	  Minami	  Tori-‐shima	  Island	  at	  24.5°N	  (Fig.	  12).	  	  Because	  it	  is	  a	  
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territory	  of	  Japan,	  the	  Japanese	  EEZ	  encompasses	  a	  circle	  around	  the	  island	  with	  a	  diameter	  of	  
200	  nm.	  	  Thus	  it	  was	  necessary	  to	  shut	  off	  science	  data	  collection	  in	  the	  EEZ.	  	  The	  
magnetometer	  was	  recovered	  at	  0846	  on	  5	  November	  and	  the	  EM302	  was	  shut	  down	  shortly	  
thereafter.	  	  Upon	  recovery,	  it	  was	  found	  that	  the	  magnetometer	  had	  been	  attacked	  and	  
damaged	  by	  sharks.	  	  Damage	  included	  near	  severing	  of	  the	  tow	  cable	  near	  the	  head	  of	  the	  
magnetometer.	  	  As	  both	  magnetometers	  were	  damaged,	  it	  was	  decided	  not	  to	  deploy	  the	  
magnetometer	  after	  clearing	  the	  EEZ.	  
	  

	  
Figure	  11.	  Survey	  tracks	  over	  Tamu	  Massif,	  15	  October	  to	  4	  November	  2015.	  	  Red	  lines	  show	  the	  ship’s	  track.	  	  Red	  
dots	  are	  plotted	  every	  2	  hours	  with	  time	  labels	  every	  4	  hours	  and	  date	  labels	  at	  0000	  hours.	  	  Blue	  dots	  show	  the	  
beginning	  (“BOL”)	  and	  end	  (“EOL”)	  points	  of	  each	  line	  (Table	  1).	  

	   The	  EM302	  multibeam	  echo-‐sounder	  was	   turned	  on	  again	  at	  2325	  hr	  on	  6	  November	  
2015.	  	  Falkor	  continued	  straight	  to	  port,	  passing	  Saipan	  and	  Tinian	  Islands	  on	  9	  November	  and	  
arriving	   off	   Apra	   harbor	   before	   dawn	   on	   the	   morning	   of	   10	   November	   (local	   time).	   	   Falkor	  
docked	  shortly	  afterwards	  to	  end	  the	  cruise.	  	  	  
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Figure	  11.	  Transit	  track	  from	  Shatsky	  Rise	  to	  the	  Mariana	  Islands.	  	  The	  track	  is	  shown	  by	  the	  red	  line	  with	  red	  dots	  
at	  4-‐hour	  intervals.	  	  Days	  are	  labeled	  at	  0000	  hr	  at	  the	  start	  of	  each	  day.	  	  

Preliminary	  Results	  
	   Data	   collected	   on	   cruise	   FK151005	   are	   of	   excellent	   quality.	   The	   magnetometers	  
produced	   high	   quality	   data	   with	   only	   small	   (~1	   nT)	   measurement	   variations	   owing	   to	  
measurement	   errors.	   	   The	   only	   bad	   data	   were	   a	   small	   number	   of	   points	   that	   were	   clearly	  
outliers.	   	  We	   speculate	   that	   these	  may	   have	   occurred	   during	   the	   shark	   attacks.	   	   In	   all,	   it	   is	  
estimated	  that	  ~1.67	  million	  magnetic	  readings	  were	  collected	  over	  Tamu	  Massif.	  	  	  
	   Likewise,	  data	  from	  the	  EM302	  were	  overall	  of	  high	  quality.	  	  As	  is	  usually	  the	  case	  with	  
multibeam	  echo-‐sounder	  data,	  it	  was	  necessary	  to	  excise	  bad	  soundings	  from	  the	  data	  set.	  	  This	  
was	  easily	  done	  with	  the	  Caris	  software.	  	  The	  result	  was	  a	  high	  quality	  data	  set	  to	  be	  added	  to	  
the	  overall	  bathymetry	  data	  set.	  	  Approximately	  94	  million	  depth	  soundings	  were	  recorded	  over	  
Tamu	  Massif.	  	  All	  told,	  the	  survey	  covered	  a	  massive	  region	  as	  the	  area	  of	  Tamu	  Massif	  within	  
the	  bounds	  of	  the	  survey	  is	  approximately	  1	  million	  square	  kilometers.	  
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	   At	   preliminary	   look	   at	   the	   magnetic	   data	   shows	   several	   interesting	   features.	   	   Tamu	  
Massif	   is	   characterized	  by	   a	   linear	   positive	  magnetic	   anomaly,	   ~300	  nT	   in	   amplitude,	   striking	  
along	  the	  axis	  of	  Tamu	  Massif	  (Figs.	  12,	  13).	  	  This	  is	  flanked	  by	  deep	  low	  anomalies,	  ~-‐300	  nT	  in	  
amplitude,	  to	  the	  south	  and	  north.	  	  We	  speculate	  that	  these	  anomalies	  may	  be	  linear	  anomalies	  
caused	  by	  crustal	  spreading.	  	  An	  interesting	  feature	  is	  the	  signature	  over	  the	  western	  “tail”	  of	  
Tamu	  Massif,	  which	  appears	  not	  to	  be	  part	  of	  the	  main	  Tamu	  Massif	  positive	  anomaly,	  indeed,	  
this	   part	   has	   a	   separate	   small	   positive	   flanked	  by	   lows.	   	   This	  may	   indicate	   that	   this	   part	   is	   a	  
separate	  volcanic	  edifice.	   	  Also	   interesting	   is	  that	  Ocean	  Drilling	  Program	  (ODP)	  Site	  1213	  and	  
Integrated	  Ocean	  Drilling	  Program	  (IODP)	  Site	  U1347,	  which	  have	  different	  magnetic	  polarities	  
(Sager	  et	  al.,	  2015),	  plot	  on	  negative	  and	  positive	  parts	  of	  the	  anomaly,	  respectively	  (Fig.	  13).	  

	  
Figure	  12.	  	  Magnetic	  anomaly	  data	  plotted	  over	  Tamu	  Massif.	  	  Thin	  lines	  represent	  ship	  tracks,	  whereas	  heavy	  
“wiggly”	  line	  is	  the	  magnetic	  anomaly	  plotted	  perpendicular	  to	  the	  ship	  track.	  	  Postive	  anomalies	  are	  shaded	  blue.	  	  
Tamu	  Massif	  is	  characterized	  by	  a	  SW-‐NE	  trending	  positive	  magnetic	  anomaly	  over	  its	  center,	  flanked	  by	  magnetic	  
lows.	  	  	  

Surrounding	   Tamu	   Massif,	   several	   linear	   magnetic	   anomalies	   are	   noted.	   	   Anomaly	   M21	   is	  
prominent	   on	   the	   SW	   border	   and	   other	   anomalies	   appear	   nearly	   continuous	   around	   the	   NE	  
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side.	  	  The	  new	  data,	  when	  combined	  with	  pre-‐existing	  data,	  should	  produce	  an	  excellent	  data	  
set	  for	  magnetic	  modeling	  and	  interpretation.	  

	  
Figure	  13.	  Preliminary	  magnetic	  anomaly	  interpretation	  of	  the	  Tamu	  Massif	  survey	  data.	  	  Red	  lines	  denote	  positive	  
linear	  magnetic	  anomalies	  whereas	  blue	  lines	  indicate	  negative	  anomalies.	  	  Red	  circles	  indicate	  the	  positions	  of	  
Ocean	  Drilling	  Program	  Site	  1213	  and	  Integrated	  Ocean	  Drilling	  Program	  Site	  U1347.	  	  

Preliminary	  interpretation	  of	  the	  bathymetry	  data	  is	  difficult	  because	  the	  data	  set	  consists	  of	  
isolated	  swaths	  along	  the	  track	  lines,	  ~8-‐10	  km	  in	  width,	  separated	  by	  ~31	  km	  between	  tracks.	  	  
These	  data	  will	  be	  valuable	  once	  added	  to	  the	  existing	  data	  set	  of	  soundings	  over	  Tamu	  Massif.	  	  
Most	  features	  noted	  in	  the	  bathymetry	  swaths	  are	  smaller	  features,	  such	  as	  parasitic	  cones	  on	  
the	  flanks	  of	  Tamu	  Massif,	  that	  can	  fit	  within	  one	  of	  the	  swaths.	  	  A	  number	  of	  such	  cones	  were	  
noted	  (Fig.	  14),	  as	  was	  a	  basal	  scarp	  on	  the	  west	  side	  of	  Tamu	  Massif	  (Fig.	  15),	  and	  the	  Toronto	  
Ridge	  (Fig.	  16),	  a	  volcanic	  ridge	  atop	  the	  summit.	  
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Figure	  14.	  3D	  perspective	  plot	  of	  bathymetry	  soundings	  from	  a	  small	  parasitic	  cone	  on	  the	  flank	  of	  Tamu	  Massif.	  	  
Depths	  are	  colored	  with	  warmer	  colors	  indicating	  shallower	  depths.	  

	  

Figure	   15.	   3D	   perspective	   plot	   of	   bathymetry	   soundings	   from	   a	   basal	   scarp	   on	   the	  west	   flank	   of	   Tamu	  Massif.	  	  
Depths	  are	  colored	  with	  warm	  colors	  denoting	  shallower	  depths.	  	  View	  is	  to	  the	  south.	  
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Figure	  16.	  Plot	  of	  bathymetry	  data	  over	  Toronto	  Ridge,	  at	  the	  summit	  of	  Tamu	  Massif.	  	  Contours	  are	  shown	  at	  100-‐
m	  intervals,	   labeled	  in	  km.	  Warmer	  colors	  denote	  shallower	  depths.	   	  EM302	  data	  are	  in	  a	  swath	  in	  the	  center	  of	  
the	  plot,	  where	  short	  wavelength	  detail	   is	   shown.	   	  These	  data	  are	  merged	  with	   satellite-‐altimetery-‐based	  depth	  
estimates	  on	  the	  sides	  (Smith	  and	  Sandwell,	  1997).	  
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Table	  1.	  Tamu	  Massif	  Survey	  Line	  times	  and	  end	  point	  locations.	  
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------  
Line	  No.	   Beg/End	   Latitude	  (°˜)	   Longitude	  (°E)	   Date	   Time	  (UT)	  
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------  
	   1	   Begin	   34°	  41.8851’	   160°	  59.9870’	   15	  Oct	   11:55	  
	   1	   End	   33°	  10.0044’	   160°	  59.9340’	   15	  Oct	   23:15	  
	   2	   Begin	   32°	  48.1984’	   160°	  35.9691’	   16	  Oct	   03:36	  
	   2	   End	   34°	  53.6592’	   160°	  36.0037’	   16	  Oct	   19:09	  
	   3	   Begin	   35°	  09.4151’	   160°	  12.0415’	   16	  Oct	   22:44	  
	   3	   End	   31°	  48.5377’	   160°	  11.9757’	   17	  Oct	   23:57	  
	   4	   Begin	   31°	  29.8304’	   159°	  48.0117’	   18	  Oct	   03:42	  
	   4	   End	   35°	  19.2683’	   159°	  48.0050’	   19	  Oct	   07:30	  
	   5	   Begin	   35°	  33.4460’	   159°	  23.9980’	   19	  Oct	   11:02	  
	   5	   End	   31°	  09.8232’	   159°	  23.9557’	   20	  Oct	   16:37	  
	   6	   Begin	   30°	  53.9688’	   158°	  59.9888’	   20	  Oct	   19:43	  
	   6	   End	   35°	  24.0376’	   158°	  59.9886’	   22	  Oct	   00:08	  
	   7	   Begin	   35°	  23.2211’	   158°	  36.0200’	   22	  Oct	   02:14	  
	   7	   End	   30°	  48.3438’	   158°	  35.9738’	   23	  Oct	   05:35	  
	   8	   Begin	   30°	  35.9513’	   158°	  11.9871’	   23	  Oct	   08:14	  
	   8	   End	   35°	  14.7536’	   158°	  12.0342’	   24	  Oct	   13:29	  
	   9	   Begin	   34°	  12.9318’	   157°	  47.7217’	   3	  Nov	   09:23	  
	   9	   End	   30°	  39.5863’	   157°	  48.0013’	   4	  Nov	   10:50	  
	   10	   Begin	   30°	  34.7073’	   157°	  24.0243’	   2	  Nov	   05:12	  
	   10	   End	   34°	  12.2083’	   157°	  23.9951’	   3	  Nov	   07:00	  
	   11	   Begin	   34°	  00.9307’	   157°	  00.0406’	   31	  Oct	   21:10	  
	   11	   End	   30°	  19.5422’	   156°	  59.9943’	   2	  Nov	   01:30	  
	   12	   Begin	   30°	  19.0502’	   156°	  35.7428’	   30	  Oct	   15:46	  
	   12	   End	   33°	  51.6417’	   156°	  36.0080’	   31	  Oct	   18:04	  
	   13	   Begin	   33°	  39.4535’	   156°	  12.0006’	   29	  Oct	   12:44	  
	   13	   End	   30°	  33.5928’	   156°	  11.9922’	   30	  Oct	   11:54	  
	   14	   Begin	   33°	  29.9430’	   155°	  47.9690’	   25	  Oct	   07:19	  
	   14	   End	   30°	  49.5095’	   155°	  47.5276’	   26	  Oct	   00:13	  
	   15	   Begin	   30°	  59.4037’	   155°	  21.9149’	   28	  Oct	   12:22	  
	   15	   End	   33°	  25.6262’	   155°	  24.1333’	   29	  Oct	   06:59	  
	   16	   Begin	   33°	  17.8820’	   154°	  59.9990’	   27	  Oct	   17:54	  
	   16	   End	   31°	  21.4458’	   154°	  59.9997’	   28	  Oct	   08:30	  
	   17	   Begin	   31°	  29.3056’	   154°	  36.0635’	   27	  Oct	   00:23	  
	   17	   End	   33°	  08.6397’	   154°	  36.0111’	   27	  Oct	   15:00	  
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------  
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Appendix	  A	  

FK151005	  Cruise	  Science	  Log	  
The	  following	  log	  was	  kept	  in	  the	  science	  lab	  during	  the	  cruise	  and	  records	  positions	  and	  events	  
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